We have made an analysis of the gel electrophoretic properties of a pseudo-cruciform fragment, a linear DNA molecule containing a stable cruciform. The migration of this construct was analysed in polyacrylamide gels at various temperatures in the range 5° to 55°C, and in the presence of NaCl, MgCl 2 or ethidium bromide. The magnitude of the anomalous migration (retardation) was almost temperature independent up to 40°C, but decreased strongly beyond this point, extrapolating to normal migration at 70°C. Addition of salts reduced the anomaly. This took the form of a continuous reduction in anomalous migration with the addition of NaCl up to 60 mM, while with MgG 2 there was a sharp reduction in the anomaly to a constant value which is reached by 10 mM. Under these conditions, moreover, the migration of the fragment became almost temperature-independent over the entire range. These results have been interpreted to reflect the influence of ion binding at the four-way junction on the relative disposition of the cruciform arms. The detailed electrophoretic properties of the pseudo-cruciform are in marked contrast to those of sequence-directed curved DNA fragments. In particular, the response to the addition of 1 ng/ml ethidium bromide offers a convenient method for distinguishing between anomalous retardation arising from curvature (greatly reduced anomaly) or a cruciform junction (enhanced anomaly).
The molecular structure of this junction is poorly understood. The junction of the cruciform structure [3] [4] [5] is stereochemically equivalent to the Holliday junction, and we have used this as a model for structural analysis. Probing experiments using single-strand-selective chemical reagents [6] [7] [8] suggested that in general the cruciform junction is not reactive, ie it is probably fully base paired, which was supported by NMR experiments [9] on an isolated four-way junction constructed by hybridising four oligonucleotides of appropriate sequence [10] . In order to study the angular disposition between the helices at the four-way junction we constructed a pseudo-cruciform fragment [11] . The pseudo-cruciform is effectively a stable cruciform structure present in a linear DNA fragment. This was achieved by heteroduplex formation between complementary single-stranded phage DNA molecules containing different inserts of two-fold symmetry. We observed that these fragments exhibited a marked anomaly on gel electrophoresis -being retarded in 5% polyacrylamide gels so that their apparent length was almost twice their known length. Moreover, this retardation was strongly position sensitive. The slowest migrating fragments had the pseudo-cruciform junction located centrally, and the effect diminished as the junction became more eccentric. We interpreted this in terms of a bending of the path of the DNA molecule by the pseudo-cruciform junction, which would occur if the geometry of the junction required a solid angle between the long arms of the fragment which deviated from 180°.
*Recently the sequence-directed curvature of DNA, exemplified by the mini-circles of various trypanosome species [12] has generated a great deal of interest In these molecules the curvature is caused by oligo-adenine tracts phased at 10 to 11 basepair intervals [13] [14] [15] [16] [17] [18] [19] [20] [21] , which has been recently reviewed [22] [23] [24] [25] . Sequence-directed curvature leads to position-sensitive gel electrophoretic retardation [15] , the magnitude of which is comparable with that of the pseudo-cruciform. Gel electrophoresis thus emerges as an important tool in the study of DNA structure, and yet the physical basis of the separation process is not fully understood. With the increasing use of gel electrophoretic methods such as orthogonal field pulsing [26, 27] , it becomes ever more important to gain an understanding of the mechanisms by which DNA molecules move through gel matrices. In this study we have explored further the characteristics of the migration of a pseudo-cruciform DNA fragment in polyacrylamide gels, as a function of temperature, salt concentration and the presence of ethidium bromide. By this means we are able to gain additional insight into the nature of the four-way junction, and its dependence upon ion binding, and to draw a number of distinctions between the electrophoretic behaviour of the pseudo-cruciform and sequence-directed curved DNA fragments.
EXPERIMENTAL.
Pseudo-cruciform fragment. A stable pseudo-cruciform was constructed as described by Gough & Lilley [11] . In brief, two unrelated inverted repeat sequences were cloned into the BamYR site of pAT153, followed by the subcloning of the 680 bp £c<?RI to Sail fragments into the phages M13mp8 and M13mp9 respectively. Because the polylinker orientation in the two phages is opposite, the single-stranded phage DNA is complementary along the length of the plasmid insert, except for the sequences derived from the inverted repeats. Thus upon hybridisation and cleavage with restriction enzymes with sites located within the EcoRI to Sail section, a unique heteroduplex is obtained. Since the inverted repeats are not complementary to each other, a duplex cannot form at this point, and thus intra-strand hairpin loops form instead. This structure is stereochemically equivalent to a cruciform, although it lacks the symmetry of a true cruciform, since the short arms are not related by symmetry. Phage M13 was propagated in Escherichia colt JM103 [28] , and phage was recovered by precipitation with 20% polyethylene glycol, 2.5 M NaCl at 0°C from cellular supernatants. Single-stranded phage DNA was extracted with phenol, and precipitated with ethanol. The DNA was hybridised at 65°C in 0.15 M NaCl, 0.015 M Na-citrate for 3 h, and precipitated with ethanol. It was digested to completion with EcoRV and Hinfl (Amersham), and purified by electrophoresis on a 5% polyacrylamide gel, excision of the ethidium bromide stained band and electroelution. Electrophoresis methods. Pseudo-cruciform DNA was electrophoresed in 6 or 10% polyacrylamide gels (29:1 acrylamide to bis-acrylamide) in 45 mM Tris.borate pH 8.6, 1.25 mM EDTA. Electrophoresis was performed in the temperature-controlled apparatus described by Diekmann [20] . When additional salts were present the running buffer was recirculated between the electrode compartments at a rate of 5 1/h. When MgCl 2 was present in the buffer, EDTA was omitted, except for the measurements of temperature dependence in the presence of MgC^. The gel temperature was measured continuously during electrophoresis by means of a Pt-element polymerised into the gel. The signal from the Pt-element was digitally compared to a preset value, and the difference plotted. The gel was pre-electrophoresed for several hours at 150 V, until the temperature and current were stable. The DNA samples were then loaded at zero voltage, see Figure 1 (A, B), and electrophoresed into the gel (B, C) at 50 V. During loading and electrophoresis at low voltage the temperature decreased by approximately 0.5 C deg. However, shortly after reapplying a voltage of 150 V the temperature reached a constant value, and remained stable ± 0.03 C deg throughout the experiment
The mobility of the pseudo-cruciform fragment was measured relative to restriction fragments of pBR322 of known base sequence [29] , and to a 123 bp ladder (Bethesda Research Labs).
RESULTS.

Temperature dependence of pseudo-cruciform migration.
The pseudo-cruciform fragment used in these studies was the 446 bp EcoRV -Hinfl fragment, described in Gough & Lilley [11] , which contains the pseudo-cruciform junction located approximately centrally, see Figure 2 . The hairpin arms of the fragment comprise 14 and 21 bp respectively. The fragment exhibits anomalously slow migration on electrophoresis in polyacrylamide gels, an example of which is presented in Figure 2 . In this experiment the EcoRVHinfl pseudo-cruciform fragment was electrophoresed in a 6% polyacrylamide gel, alongside restriction fragment marker DNA fragments used to calibrate apparent size. In this gel system the 446 bp pseudo-cruciform fragment migrates as a reasonably tight band, with a mobility equivalent to a DNA fragment of approximately 800 basepairs, a k factor (k = apparent size/actual fragment length) of almost 2. In this length range the correlation between migration and fragment length remains semi-logarithmic, and hence apparent size may be measured with some accuracy. For gels of higher polyacrylamide concentration, the pseudo-cruciform fragment appears in the non-linear range, where small differences in migration distance result in large changes in apparent length. Although migration anomalies are larger in higher percentage gels (k values of >4 are attainable using a 12% polyacrylamide gel, for example), the measurement is less precise due to greater scatter of the data.
Gel electrophoresis experiments equivalent to that shown in Figure 2 have been performed at a variety of temperatures between 5° and 55°C, and the apparent size of the pseudo-cruciform fragment measured from each. These are presented graphically in Figure 3 . Between 5° and 40°C only a slight decrease in apparent length was noted. However, there was a marked reduction in. migration anomaly with increasing temperature beyond 40°C, which would extrapolate to normal mobility at about 70°C. It seems probable that the structure of the pseudo-cruciform remains unaffected by temperature up to 40°C, but that at higher temperatures the stability of the four-way junction may be lowered, leading to an alteration in the overall geometry of the fragment The observed temperature dependence of the pseudo-cruciform fragment is very different form that of curved DNA fragments [16, 20] . For most curved DNA fragments, a continuous decrease in migration anomaly with increasing temperature has been observed, and a maximum has been found in the case of one sequence only. Furthermore, in contrast to the behaviour exhibited by the pseudo-cruciform fragment, the temperature dependence of curved DNA actually becomes weaker beyond 40°C. The extrapolated value for normal migration behaviour for curved DNA fragments in this gel and buffer system is 60°C, as opposed to 70°C for the pseudo-cruciform fragment. Thus while curved DNA and the pseudo-cruciform fragment are retarded in polyacrylamide gels to similar extents, a detailed analysis of the temperature dependences reveals significant differences between them.
Electrophoresis in the presence ofethidium bromide.
The mobility of the EcoRV -Hinfl pseudo-cruciform fragment was determined in the presence of 1 Temperature dependence of the electrophoretic migration of the pseudo-cruciform fragment. The apparent length of the pseudo-cruciform fragment was measured in 6% polyacrylamide gels in 45 mM Tris.borate pH 8.6, 1.25 mM EDTA, electrophoresed at the indicated temperatures. »no ethidium bromide present, o 1 ng/ml ethidium bromide present. The lower line indicates 475 bp, the true length of the fragment. + connected by the broken line shows the apparent length of the same pseudo-cruciform fragment in the presence of an additional 12 mM MgCl 2 , measured in 10% polyacrylamide gels.
Hg/ml ethidium bromide, using the same 6% polyacrylamide gel electrophoresis system. The points have been included in Figure 3 . In the presence of the intercalator the migration anomaly was increased (relative to normal DNA marker fragments in the same gel) by about 20%. This is in marked contrast to the behaviour of curved DNA, [30; S. Diekmann, unpublished observations], where the migration anomaly is almost totally abolished in the presence of 1 ng/ml ethidium bromide.
Dependence of pseudo-cruciform migration upon cations.
The electrophoretic mobility of the EcoKV -Hinfl pseudo-cruciform fragment has been studied in 10% polyacrylamide gels containing added NaCl or MgCl 2 . Figure 4 shows the dependence of migration upon added NaCl concentration. There is a continuous decrease in mobility between 0 and 60 mM, ie the pseudo-cruciform fragment migrates less anomalously with the addition of salt. The effect is much more marked than the corresponding behaviour of curved DNA fragments [16, 20] , and implies an effect of the ions on the structure of the pseudo-cruciform. When we replaced the monovalent sodium by magnesium, the data presented in Figure 5 were obtained. Once again there was a reduction in the migration anomaly with addition of the ion, but rather than a continuous change there was a sharp decrease to about 10 mM MgCl 2 after which the migration remained unchanged upon further addition of cation. Curved DNA fragments usually exhibit an increased migration anomaly with addition of MgCl 2 [16, 20] -a decrease in migration anomaly has been observed for only one curved fragment, and the effect was much less pronounced than that observed here [20] . Dependence of the electrophoretic migration of the pseudo-cruciform fragment upon NaCl concentration. The apparent length of the pseudo-cruciform fragment was measured in 10% polyacrylamide gels containing the indicated concentrations of NaCl, electrophoresed at 20.3 ± 0.2°C. In the absence of added NaCl the apparent length of the pseudo-cruciform fragment in the 10% polyacrylamide gel was measured at various temperatures, and the interpolated value at 20.3°C was 1400 bp. The lower line indicates 475 bp, the true length of the fragment.
Since the migration of the pseudo-cruciform fragment reached a constant value by 10 mM MgCl 2 , we were curious to examine the temperature dependence under these conditions. The results of this investigation are incorporated into Figure 3 . It should be noted that the absolute values of migration with and without 12 mM MgCl 2 cannot be directly compared, since they were measured using different percentage gels, but the relative shapes of the lines are very revealing. In marked contrast to the decrease in mobility occuring above 40°C in the absence of added cation, the presence of 12 mM MgCl 2 appears to protect the pseudo-cruciform fragment against the effects of the higher temperatures, and the migration has become almost temperature-independent up to at least 55°C.
msnjssiON.
The structure of the four-way junction. The migration of the EcoRV -Hinfl pseudo-cruciform fragment in polyacrylamide gels is dependent on temperature and salt and ethidium bromide concentrations. The temperature dependence shows that the migration is essentially temperature-independent up to 40°C, beyond which the migration anomaly becomes progressively reduced in the absence of cations. This suggests that the four-way junction of the pseudo-cruciform is unaffected by temperature below 40°C. However temperatures greater than 40°C reduce the electrophoretic retardation of the fragment, possibly by a gradual loosening of the junction. This could allow a more flexible molecule to adopt a more streamlined geometry which might negotiate the gel pores with greater efficiency.
Both sodium and magnesium chlorides reduced the migration anomaly of the pseudo-cruciform fragment. This is probably a result of specific ion binding in the four-way junction, as has been observed in the case of cruciforms extruded from alternating (AT) n sequences [31] and the transition state of the salt-dependent cruciform extrusion mechanism [32] . In the experiments with the pseudo-cruciform we are observing the consequences of junction binding on the overall geometry of the fragment The differences between the profiles obtained using sodium and magnesium are simply explained in terms of the respective binding constants for the monovalent and divalent ions. Our experience with other cruciform structures [31, 32] suggests that the binding constants will follow K M + < K M ++, and thus magnesium binding will saturate at much lower concentrations than for sodium. At 10 mM MgCl 2 and beyond, considerable migration anomaly remains, and it is important to recall that at this concentration of MgCl 2 the pseudo-cruciform can be cleaved [11] by T4 endonuclease VII, a Holliday junction resolvase [33] which is the best diagnostic probe of the four-way junction [34, 35] . Thus the structure must remain essentially cruciform, where ion binding in the junction has changed the overall shape in such a way as to be less hindered in its migration through the gel matrix. Binding of magnesium ions to the junction results in a marked increase in thermal stability of the fragment, as judged from the temperature-independence of the migration under these conditions. These experiments are a further demonstration of the importance of ion binding in the formation of the four-way junction.
Comparisons with curved DNA. These studies make a very interesting comparison with related gel electrophoretic experiments performed on DNA fragments which are curved by virtue of their base sequence [16, 20] . Whilst both the curved DNA fragments and the pseudo-cruciform fragments exhibit pronounced retardation in polyacrylamide gels, a more detailed analysis of this behaviour reveals many differences. These arise from the very different mechanisms by which the helix path is rendered non-linear. In the pseudo-cruciform fragments we believe a discontinuous bend is introduced at the four-way junction due to the stereochemistry of the Holliday structure, while in the curved fragments a more continuous curvature is achieved by a series of incremental changes in repeated oligo adenine tracts phased with the periodicity of the DNA helix [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The observed differences in sensitivity to temperature and salt may be rationalised in terms of these two models. It is relatively easy to see how small changes in temperature may affect sequence-directed curvature via changes in helical winding which alter the precise phasing of the componenents of the bend, and therefore the variation of k values over the entire temperature range are expected. On the other hand, the pseudo-cruciform would not be expected to be especially temperature sensitive, up to the point at which the structure of the junction becomes looser, probably requiring the disruption of base stacking interations. Thus a discontinuous temperature dependence is not surprising. While the pseudo-cruciform is less temperature sensitive, at least in the lower temperature range, than curved DNA fragments, the opposite appears to be true for the salt dependence. This may also be explained in terms of the inherrent differences between the two structures. While the oligo-A tracts retain the character of a cylindrical polyelectrolyte, the four-way junction has a very different nature, which may bind cations in a very selective manner, perhaps analogous to site-specific ion binding seen in tRNA [36] [37] [38] . Ion effects on the geometry of the four-way junction are very much in accord with our previous studies [31, 32] .
Perhaps the most striking difference between the pseudo-cruciform and curved DNA fragments lies in the effect of ethidium bromide on their respective electrophoretic mobilities. The pseudo-cruciform fragment migrated some 20% more slowly in the presence of 1 (ig/ml ethidium bromide, whereas curved DNA fragments lose their abnormal retardation in the presence of this concentration of the intercalator. We can only speculate as to the basis of this distinction. There is no real reason to expect that four-way junctions would necessarily interact with ethidium bromide, and therefore the major effect of the drug might simply be to stiffen the long arms of the molecule, resulting in a greater resistance to migration through the gel pores. In contrast, if an important part of the mechanism of sequence-directed curvature results from base-stacking, then its disruption by intercalation would be expected to interfere with the curvature process itself. Whatever the actual mechanisms are involved, the differential behaviour of the fragments with ethidium bromide suggests that this might be the method of choice for distinguishing between the two classes of bend experimentally.
